Introduction
============

Kawasaki disease (KD) is an acute multisystem vasculitis that mainly frequently affects infants and children under the age of 5 years. Coronary artery lesion (CAL) is the most critical complication of KD, and its etiology remains unknown thus far ([@b1-etm-0-0-4434]). In 1985, Lehman *et al* ([@b2-etm-0-0-4434]) developed a mouse model of coronary arteritis. Various inbred mouse strains were observed to react to *Lactobacillus casei* cell wall extract (LCWE) and suffered with coronary arteritis. Compared with CALs in KD, the coronary arteritis in this mouse model exhibits similar histological changes, time course to coronary disease and response to the treatment with intravenous immunoglobulin ([@b3-etm-0-0-4434]).

Notch signaling is a highly conserved juxtacrine cell signaling system ([@b4-etm-0-0-4434]). The interaction of Notch transmembrane receptors with their ligands, which are also transmembrane proteins, initiates the Notch signaling pathway. Subsequent to activation of the Notch receptor by ligand binding, Notch undergoes gamma secretase proteolytic cleavages dependent on tumor necrosis factor-α converting enzyme and presenilin, followed by transposition of the Notch intracellular domain (NICD) into the nucleus ([@b5-etm-0-0-4434]). Within the nucleus, NICD combines with a DNA binding transcriptional repressor, such as RBP-JK, turning it into an activator, and thus leading to repression or activation of target genes ([@b6-etm-0-0-4434]).

Notch functions in a signaling pathway that affects angiogenesis, differentiation and maturation ([@b4-etm-0-0-4434],[@b7-etm-0-0-4434]). Lindner *et al* ([@b8-etm-0-0-4434]) observed that the levels of jagged 1, jagged 2 and constitutive expression of Notch1 were low in the uninjured endothelium, while these expression levels were significantly increased in injured vascular cells. Mammals possess four distinct notch receptors, namely Notch1, Notch2, Notch3 and Notch4. Notch4 is principally expressed in endothelial cells and serves an important role in the regulation of cellular proliferation and differentiation ([@b9-etm-0-0-4434]).

Vascular cell adhesion molecule 1 (VCAM-1) and P-selectin mediate binding of circulating leukocytes to endothelial cells ([@b10-etm-0-0-4434],[@b11-etm-0-0-4434]), and are involved in cardiovascular diseases, including atherosclerosis ([@b12-etm-0-0-4434]). When the vascular endothelium is injured, the expression levels of VCAM-1 and P-selectin are significantly increased ([@b13-etm-0-0-4434]). Notch4 is associated with vascular lesion, and CAL is a critical complication of KD ([@b9-etm-0-0-4434],[@b14-etm-0-0-4434]). Therefore, Notch4 may serve a role in CAL during KD.

However, only limited information exists regarding the function of Notch4 signaling in KD, while the association of Notch4 signaling and the development of CALs remains unknown. In the present study, a mouse model of KD was used to induce CAL using LCWE, and the potential roles of Notch4 signaling in KD were investigated. VCAM-1 and P-selectin were also used as markers of vascular lesion, and the potential role of Notch4 in KD-related CAL was investigated.

Materials and methods
=====================

### Animals

A total of 24 male BALB/c mice (4--6 weeks old) were selected in the current study. The mice were purchased and housed in the Laboratory Animal Center of Zhejiang University (Hangzhou, China) under specific pathogen-free conditions (20--26°C, 40--70% humidity, 12-h light/dark cycle with access to full-valence granular rat feedstuff and sterile water *ad libitum*). Animal experiments were performed in accordance with the animal protocol approved by the Animal Care Committee of Zhejiang University.

### Preparation of LCWE

LCWEs were obtained from *Lactobacillus casei* (CICC 6105 or ATCC 11578; China Center of Industrial Culture Collection, Beijing, China) as previously described ([@b15-etm-0-0-4434],[@b16-etm-0-0-4434]). Briefly, the bacteria were cultured in MRS broth (Becton Dickinson, Franklin Lakes, NJ, USA), harvested by centrifugation (10,000 × *g* for 40 min at 4°C) during the log phase of growth, and then washed with PBS (pH=7.4). Next, the bacteria were lysed overnight in twice packed volumes of 4% sodium dodecyl sulfate (SDS; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Cell-wall fragments were washed with PBS (eight times) to remove any residual SDS. In order to remove cytoplasmic materials from the cell walls, sequential incubations with 250 mg/ml RNase, DNase I and trypsin (Sigma-Aldrich; Merck KGaA) were performed. Each incubation was performed for 4 h at two packed volumes at 37°C, followed by two or four washes in PBS after the last incubation. The cell-wall fragments were then sonicated for 2 h using a JY92-IIN Ultrasonic Homogenizer (Scientz Biotechnology Co. Ltd., Ningbo, China). During sonication, the final pellets were maintained at 4°C by cooling in a dry ice/water bath. Following 1 h of centrifugation at 20,000 × *g* at 4°C, the supernatant was retained and the pellet was discarded. The concentration of the extract was based on the total rhamnose content determined by a colorimetric phenol-sulfuric assay using a Total Carbohydrate S-P Colori-Assay Kit (GMS50328; GenMed Scientifics, Inc., Shangahi, China) and expressed in mg/ml in PBS.

### Intraperitoneal injection of LCWE in BALB/c mice and evaluation of cardiac and splenic histology

Male BALB/c mice (4--6 weeks old) were intraperitoneally injected with 500 µg LCWE in PBS (LCWE group; n=12) or PBS alone (control group; n=12). Anesthetized mice were sacrificed at days 3, 7, 14 and 28 after injection (3 mice sacrificed at each time point in each group). The cardiac tissue and spleen were removed immediately following sacrifice and fixed in 10% formalin for 24 h. Serial paraffin sections (5 µm) were subsequently stained with hematoxylin and eosin, and examined by light microscopy under ×200 magnification. Blinded assessment of the histopathology of the coronary artery roots (i.e., the region close to the ostium of the coronary arteries), myocardium and splenic corpuscle was performed. CAL scores were assessed with the following scoring system: 0, no inflammation; 1, few inflammatory cells (\<5% inflammatory cells); 2, scattered inflammatory cells (5--30% inflammatory cells); 3, diffuse infiltrate of inflammatory cells (30--60% inflammatory cells); and 4, dense clusters of inflammatory cells (\>60% inflammatory cells) ([@b17-etm-0-0-4434],[@b18-etm-0-0-4434]). Results from the control group were combined to reduce error, as serial paraffin sections from each time point underwent hematoxylin and eosin staining at the same time following fixation.

### Flow cytometry analysis

Circulating endothelial progenitor cells (EPCs) were defined as cells presenting positive staining for CD34 (1:10; 50-0341; eBioscience, San Diego, CA, USA) and fetal liver kinase 1 (1:50; Flk-1; 560680; BD Pharmingen, Becton Dickinson), and negative staining for CD45 (1:200; 45-0451; eBioscience). Notch4 (1:20; 12-5764; eBioscience,) was also used to identify the expression of Notch4 in EPCs. After incubation on ice (1.5 h for CD34, and 0.5 h for Flk-1, Notch4 and CD45), cells were washed and resuspended in PBS, then analyzed with the fluorescence-activated cell sorter, BD FACSCalibur (Becton Dickinson). Data were analyzed using FlowJo 7.6.5 software (FlowJo LLC, Ashland, OR, USA).

### Immunohistochemical analysis

Paraffin-embedded coronary roots were fixed with 10% neutral buffered formalin for 12 h. Following deparaffinization and rehydration, the microwave antigen was retrieved at high temperature and pressure with citrate buffer (0.01 mol/l, pH=6) in a pressure cooker for 2 min 30 sec. To quench endogenous peroxidase, the tissue sections were incubated with 3% H~2~O~2~ in methanol. The sections were then incubated at 37°C for 1 h with the primary antibodies against VCAM-1 (1:75; H-276, sc-8304; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and P-Selectin (1:75; C-20, sc-6941; Santa Cruz Biotechnology Inc.). Next, the sections were washed with PBS and incubated with goat anti-rabbit (1:1; pv-6001; ZSGB-BIO, Beijing, China) or donkey anti-goat (1:60; sc-2020; Santa Cruz Biotechnology Inc.) horseradish peroxidase-conjugated IgG secondary antibodies for 40 min at 37°C. Subsequent to several washes with PBS, the sections were visualized with 3,3′-diaminobenzidine tetrahydrochloride (ZLI-9033; ZSGB-Bio, Beijing, China) as a chromogen. Finally, hematoxylin was used as a counterstain. Negative controls were incubated with the same concentration of PBS instead of the primary antibodies. The sections were analyzed morphometrically by a Leica DM LB2 microscope (Leica Microsystems, Wetzlar, Germany) in a blinded manner. The degree of staining in endothelial cells was graded on a semi-quantitative scale as follows: 0, no staining; 1, mild staining (primrose yellow); 2, moderate staining (yellow); and 3, heavy staining (brown) ([@b19-etm-0-0-4434],[@b20-etm-0-0-4434]).

### Statistical analysis

Data are presented as the mean ± standard deviation, and were analyzed using SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA). Comparative analyses were compared using independent t-tests for normal data, while Mann-Whitney test was applied to analyze non-parametric data. A P-value \<0.05 was considered to indicate differences that were statistically significant.

Results
=======

### Pathological changes in coronary arteries, myocardium and spleens

Following LCWE injection in the mice, pathological changes in cardiac tissue and spleens were investigated by hematoxylin and eosin staining. As shown in [Fig. 1A](#f1-etm-0-0-4434){ref-type="fig"}, a focal infiltration of inflammatory cells was evident around the adventitia of the coronary artery at the various time points (3, 7, 14 and 28 days), with the most marked change observed at day 14 post LCWE injection. The infiltrated inflammatory cell mainly consisted of lymphocytes. Pericarditis was also visible at the right atrium and right ventricle sections in mice injected with LCWE. Particularly, calcifications were observed at the epicardium of the right ventricle ([Fig. 1A](#f1-etm-0-0-4434){ref-type="fig"}). By contrast, the control group treated with PBS showed *in situ* basal inflammatory cells.

Initial observations of the isolated spleen indicated that the volume and weight of the spleen were increased in the LCWE-injected mice compared with the control (PBS-treated) mice (data not shown). Splenic corpuscle hyperplasia and fusion were evident at each time points, and was more marked at day 14 post LCWE injection ([Fig. 1B](#f1-etm-0-0-4434){ref-type="fig"}). The control group injected with PBS showed a clear structure, clear corticomedullary differentiation, visible spleen bodies and no hyperplasia.

In addition, as shown in [Fig. 1C](#f1-etm-0-0-4434){ref-type="fig"}, the CAL scores were significantly higher in LCWE-injected mice at all time points compared with the control mice (P\<0.05).

### Levels of circulating EPCs and Notch4 on the surface of circulating EPCs

*Using flow cytometry analysis*, it was observed that the number of circulating EPCs in the peripheral blood mononuclear cell was significantly higher at day 3 in LCWE-injected mice (0.522±0.120%) compared with that in the controls (0.022±0.005%; P\<0.05; [Table I](#tI-etm-0-0-4434){ref-type="table"}). As the disease progressed, the number of EPCs in LCWE-injected mice decreased progressively between days 3 and 14, and recovered to the normal level at day 28. In addition, the number of circulating EPCs in the peripheral blood mononuclear cell was evidently lower at day 14 in LCWE-injected mice (0.011±0.001%) compared with the controls (0.017±0.003%; P\<0.05). The expression of Notch4 on the surface of EPCs in LCWE-treated mice (19.80±3.40%) was significantly higher on day 7 compared with the controls (13.27±2.10%; P\<0.05).

### Expression levels of VCAM-1 and P-selectin protein in coronary roots

Endothelial cells in the roots of coronary arteries demonstrated positive expression of VCAM-1 ([Fig. 2A](#f2-etm-0-0-4434){ref-type="fig"}). At day 3, 14 and 28 after LCWE injection, the expression of VCAM-1 was significantly higher in the LCWE-injected mice when compared with the controls mice ([Fig. 2B](#f2-etm-0-0-4434){ref-type="fig"}).

P-selectin was mainly found to be positive in the endothelial cells of coronary roots ([Fig. 2A](#f2-etm-0-0-4434){ref-type="fig"}), while it was only weakly expressed in the tunica media and adventitia (data not shown). In coronary roots at day 3, 7, 14 and 28 ([Fig. 2C and D](#f2-etm-0-0-4434){ref-type="fig"}), the expression of P-selectin was stronger in LCWE injected mice than in controls.

Collectively, these data indicate that the present mouse model was successful as a tool for studying CAL in KD, and that expression of Notch4 was elevated in LCWE-induced mice. Therefore, Notch4 signaling may be involved in KD.

Discussion
==========

As a precursor of vascular endothelial cells, EPCs serve an important function in vascular homeostasis and repair ([@b21-etm-0-0-4434]), while they are also associated with the origin and repair of various cardiovascular diseases ([@b22-etm-0-0-4434]). In KD, which is a systemic vascular inflammatory disease, the number and functionality of EPCs are altered when cultured *in vitro*. Liu *et al* ([@b23-etm-0-0-4434]) observed that the number of circulating EPCs was evidently decreased in LCWE-injected mice compared with the controls at day 14. The present study used similar methods to determine the percentage of EPCs in the peripheral blood mononuclear cells, and the results indicated that EPCs markedly increased at day 3 and then significantly decreased at day 14 in LCWE-injected mice. It is possible that EPCs are transferred from the bone marrow to the peripheral blood and participate in the vascular endothelial repair during the early stages of the inflammatory process, resulting in a marked increase in the number of circulating EPCs in the peripheral blood. However, when persistent inflammation leads to further damage of the vascular endothelium, high levels of EPCs are recruited in repair processes, leading to a decrease in circulating EPCs in the peripheral blood to a sub-normal level.

Notch signaling serves a considerable role in angiogenesis, differentiation and maturation of vessels. It is expressed in the endothelial cells derived from EPCs and impaired blood vessel walls. Notch4, which is mainly expressed in endothelial cells, mediates cell-cell interactions in order to influence cell proliferation and differentiation. To explore the role of Notch4 in vascular injury, the present study detected the expression of Notch4 on the surface of EPCs. The expression of Notch4 in LCWE-injected mice was higher compared with that in controls in the early stages of the KD model. This suggests that Notch4 signaling in the EPCs is involved in the origin and development of coronary arteritis induced by LCWE. In [Table I](#tI-etm-0-0-4434){ref-type="table"}, the numbers of EPCs and Notch expression were considerably different on day 7 when compared with earlier and later measurements, even for the control PBS group. This may be due to the following reasons: i) A low number of circulating EPCs, leading to fluctuations in the value; and ii) Cells in the flow cytometry assays cannot be stored, and thus flow cytometry assays were performed 4 times/day on days 3, 7, 14 and 28, leading to greater experimental error. However, as values for the control and experimental groups were measured simultaneously at each time point, the conditions remained consistent and thus, data were deemed to be reliable.

The present study also verified the expression levels of VCAM-1 and P-selectin in the roots of coronary arteries by immunohistochemical techniques, and observed that their expression levels were significantly higher in the LCWE-injected mice. As markers of vascular lesion, the upregulation in VCAM-1 and P-selectin indicates that the current KD model may induce CAL, and thus the present model is a potential tool for studying CAL in KD.

In conclusion, the present study observed that the Notch4 signaling pathway in vascular endothelial cells was involved in the development of CALs in a KD mouse model induced by LCWE. Future studies are now warranted to determine whether γ-secretase inhibitors may suppress Notch4 signaling, affect the differentiation of EPCs and/or regulate CAL in KD. The present results suggest that the inhibition of Notch4 signaling may be a novel target in the regulation of vascular endothelial cell function.
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![Histopathology of cardiac tissues and spleen in BALB/c mice. The mice were intraperitoneally injected with LCWE or PBS (control) and tissues were harvested at days 3, 7, 14 and 28. (A) Cardiac tissues (original magnification, ×200) and (B) spleen tissues showing the immune response induced by LCWE (original magnification, ×100). (C) Coronary artery lesion score in the various groups. \*P\<0.05 vs. the control mice. LCWE, *Lactobacillus casei* cell wall extract; PBS, phosphate-buffered saline.](etm-13-06-3438-g00){#f1-etm-0-0-4434}

![(A) Immunohistochemical staining for VCAM-1 and P-selectin expression in the coronary artery root tissues. Semi-quantitative analysis of (B) VCAM-1 and (C) P-selectin expression in the roots of coronary arteries. In the LCWE-injected mice, VCAM-1 was more strongly expressed in the coronary roots at days 3, 14 and 28. P-selectin was significantly expressed in the coronary roots at all time points, compared with the control.\*P\<0.05 vs. the control (PBS) group. LCWE, *Lactobacillus casei* cell wall extract; PBS, phosphate-buffered saline; VCAM-1, vascular cell adhesion molecule 01.](etm-13-06-3438-g01){#f2-etm-0-0-4434}

###### 

Percentage of circulating EPCs in the peripheral blood and the level of Notch4 expression on the surface of EPCs.

        Circulating EPCs (%)   Notch4 expression (%)                                                                                       
  ----- ---------------------- ----------------------- ------------------------------------------------------- ------------- ------------- -------------------------------------------------------
    3   0.023±0.005            0.522±0.121               0.019^[a](#tfn1-etm-0-0-4434){ref-type="table-fn"}^   26.70±5.86    32.73±12.35   0.487
    7   0.028±0.019            0.026±0.008             0.862                                                   13.27±2.10    19.80±3.40      0.047^[a](#tfn1-etm-0-0-4434){ref-type="table-fn"}^
  14    0.017±0.003            0.011±0.001               0.027^[a](#tfn1-etm-0-0-4434){ref-type="table-fn"}^   28.90±12.87   22.20±2.42    0.426
  28    0.020±0.014            0.025±0.013             0.674                                                   33.93±19.53   12.93±0.90    0.136

P\<0.05 vs. control group. EPCs, endothelial progenitor cells; PBS, phosphate buffered saline; LCWE, *Lactobacillus casei* cell wall extract.
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